V ascular calcification occurs at 2 distinct sites within the vessel wall: the intima and the media. 1 Intimal calcification occurs mostly in association with atherosclerosis, subsequent to lipid deposition, macrophage infiltration, and vascular smooth muscle cell proliferation, 2 whereas medial calcification can exist independently of atherosclerosis and typically is associated with elastic fibers appearing initially as linear deposits along elastic lamellae. 3 Elastin is relatively resistant to proteolysis by all but a limited number of proteinases, such as the matrix metalloproteinases (MMP). The net result of the action of MMPs on elastin is disruption of elastic fiber integrity and subsequent loss of mechanical properties. 4 We have shown earlier that pure elastin undergoes extensive degeneration and calcification when implanted subdermally in juvenile rats 5 and that local delivery of a synthetic MMP inhibitor significantly reduced elastin calcification in the rat subdermal model. 6 Moreover, we have shown that treatment of elastin with aluminum ions before implantation completely abolished elastin calcification by mechanisms that include inhibition of elastolysis by MMPs. 7 These results strongly point to a direct correlation between elastin degradation and calcification. To study mechanisms of elastin calcification in a clinically relevant circulatory model, we adapted an arterial injury model that involves a single periarterial application of a calcium chloride (CaCl 2 ) solution. 8 As originally described, this short-term, localized insult induced accelerated and extensive aortic calcification in the rabbit carotid artery, accompanied by an intense inflammatory reaction to the calcified deposits, which consecutively induced progressive aneurysm formation. This model was later adapted for the rabbit abdominal aorta 9 -11 and murine thoracic aorta. 12 CaCl 2 treated, aneurysmal aortic samples exhibited increased levels of MMPs, indicating that remodeling processes occur in this model. 13, 14 Moreover, MMP2-and MMP9-knockout mice did not develop aneurysms when subjected to similar CaCl 2 -mediated aortic injury, 15 strongly suggesting that MMPs are essential for onset and progression of aneurysm. Because this model was not purposely used for calcification studies before, we hypothesized that tempering the rate of aortic calcification would allow us to investigate early pathogenic events involved in elastin calcification in the absence of aneurysm formation and inflammatory reactions. We further hypothesized that MMPs play a significant role in elastin degradation and calcification. In the present studies, we show that elastin calcification in this aortic injury model was persistently accompanied by elastin degradation and disorganization of the aortic extracellular matrix. This pathological process was significantly counteracted by pretreatment of the abdominal aorta with aluminum ions before the CaCl 2 -mediated injury. We also show that MMP-knockout mice were resistant to CaCl 2 -mediated aortic injury and did not develop elastin degeneration and calcification. Collectively, these data strongly indicate a correlation between elastin degradation and calcification in a clinically relevant aortic injury model.
Methods

Surgical Procedures
In the first study, adult, male Sprague-Dawley rats weighing 250 to 300 g were placed under general anesthesia (2% to 3% isoflurane), and the infrarenal abdominal aorta was treated for 15 minutes with different concentrations of CaCl 2 or NaCl (0.1 mol/L, 0.15 mol/L, or 0.2 mol/L, nϭ4 rats per group) by rubbing ("painting") of the aorta with a sterile cotton swab. After 7 days, the animals were humanely euthanized by CO 2 asphyxiation; the abdominal aorta was excised; and segments from each aorta were processed for histological analysis, immunohistochemistry, and calcium analysis. In a second experiment, rat abdominal aortas were treated for 15 minutes with 0.15 mol/L CaCl 2 with the cotton swab method described earlier (12 rats) and separately with a gauze application method (12 rats), which involved placing a rectangle (1.5ϫ0.5 cm) of presoaked, 8-ply, medical-grade sterile cotton gauze on the exposed aorta. After the aorta was treated, the gauze was removed and the abdominal cavity closed followed by subcutaneous sutures and application of staples. Control rats (nϭ12) were treated with 0.15 mol/L NaCl with the gauze method. After 3 and 7 days, the animals (6 rats per time point) were euthanized, and the aorta processed for histological and mineral analysis as described earlier.
A third series of experiments involved a 15-minute exposure of the rat abdominal aorta (nϭ12) to 0.15 mol/L CaCl 2 with the gauze method. A similar number of control rats were exposed to 0.15 mol/L NaCl under identical conditions. The effect of aluminum ions on calcification (nϭ16) was studied by first applying a 0.0025 mol/L AlCl 3 solution (with gauze) for 15 minutes followed by 15 minutes of 0.15 mol/L CaCl 2 . After 7 days, the animals were humanely euthanized by CO 2 asphyxiation; the abdominal aorta was excised; and segments from each aorta were processed for histological analysis, immunohistochemistry, and calcium and desmosine analysis.
For evaluation of endothelial permeability, 2 rats from each group (NaCl, CaCl 2 , AlCl 3 ) were injected under anesthesia with 0.3 mL IV Evans blue solution (20 mg/mL in phosphate-buffered saline); aortic segments were excised after 40 minutes and used for histology. Age-matched rats, which did not undergo any surgical procedures (nϭ4), were also used as controls, and their aortic segments were analyzed as described earlier. Aortic diameters were measured by digital photography before and 7 days after application of 0.15 mol/L CaCl 2 or NaCl solutions in 8 rats from each group. 13 All animals received humane care in compliance with protocols approved by the Clemson University Animal Research Committee as formulated by the NIH (publication No. 86-23, revised 1985) .
In a fourth experiment, MMP2-knockout, MMP9-knockout, and wild-type mice (nϭ10 per group) were anesthetized with 60 mg/kg IP 2,2,2-tribromoethanol (Avertin, Sigma) and underwent laparotomy as described. 15 The MMP2-knockout mice were obtained from Dr David Muir, University of Florida, Gainesville, Fla, and the MMP9-knockout mice were a generous gift from Robert Senior of Washington University, St. Louis, Mo. The infrarenal abdominal aorta was treated for 15 minutes with 0.25 mol/L CaCl 2 as described earlier. Physiological saline was substituted for CaCl 2 in control mice. Ten weeks later, the mice underwent laparotomy and the aorta was embedded in paraffin for histological studies. All experiments were carried out in accordance with the guidelines of the University of Nebraska Medical Center Animal Care Committee for the use and care of laboratory animals. All mice were maintained in the pathogen-free animal facility at the University of Nebraska Medical Center.
Calcium and Desmosine Analyses
Quantitative analysis of calcium content in aortic segments was performed as described previously, 16 and desmosine content was analyzed in the same acid hydrolysates by radioimmunoassay. 17 
Histology, Immunohistochemistry, and Apoptosis Detection
Sections were stained with hematoxylin and eosin (H&E) for general tissue morphology, Dahl's Alizarin red stain for calcium deposits, Gomori's trichrome (Poly Scientific) for collagen, and Verhoeff-van Gieson's stain (VVG) for elastin (Poly Scientific). Sections were also stained for infiltrating macrophages with a mouse anti-rat monocyte/macrophage primary antibody (1:200 dilution, MAB1435, Chemicon) and detection with a mouse IgG Vectastain diaminobenzidine kit (Vector Laboratories) followed by H counterstaining. Paraffin sections from knockout-mice studies (nϭ3 per group) were stained as described earlier. For cell visualization, sections were also mounted in 4Ј,6Ј-diamidino-2-phenylindole (DAPI) mounting medium (Molecular Probes). Apoptotic cells were detected with a Tdt-mediated UTP nick end-label (TUNEL) detection kit (DeadEnd kit, Promega).
Statistical Analysis
Data are reported as meanϮSEM. For the first study and aortic diameter measurements, Student's t test was used to compare means between 2 groups, with PϽ0.05 as the criterion for statistical significance. Comparison among different groups for other studies was performed with the Kruskal-Wallis test with linear contrasts (␣ϭ0.05 for all tests).
Results
Rat Model of Aortic Calcification
Perivascular application of 0.2 mol/L CaCl 2 to the infrarenal abdominal aorta induced mural calcification and severe disorganization of the aortic extracellular matrix within 1 week after surgery, as demonstrated by H&E and Alizarin red staining ( Figure 1 , B and D). Application of an equimolar concentration of NaCl did not induce calcification or any notable alterations in tissue structure ( Figure 1 , A and C). Moreover, morphological aspects of NaCl-treated aortas were not different from those of control aortas from age-matched rats, which were not subjected to any surgical procedure (not shown), indicating that this injury is calcium dependent and that NaCl application could be used as a proper control. Immunohistochemical staining did not reveal any detectable intramural macrophage infiltration in CaCl 2 -treated aortas ( Figure 1E ) or in NaCl controls (not shown). Rat spleen cryosections ( Figure 1F ) were used as a positive control for macrophage staining (round, brown deposits; arrow). Quantitative calcium analysis also showed that the extent of aortic calcification depended on the CaCl 2 concentration applied periadventitially to the abdominal aorta.
Compared with calcium levels obtained at 7 days with 0.2 mol/L CaCl 2 (46Ϯ5.2 mg Ca/g dry), application of 0.1 mol/L CaCl 2 did not induce aortic calcification (2.35Ϯ1.47 mg Ca/g dry; nϭ4, Student's t test, PϽ0.05). A time-course comparative analysis ( Figure 1G ) between the 2 different application methods (swab versus gauze) demonstrated that aortic calcification with 0.15 mol/L CaCl 2 in this model was progressive and that the rate of progression also depended on application method. According to statistical analysis (Kruskal-Wallis test), swab application induced greater calcification compared with gauze for both time points, and there was a significant increase in calcium content from day 3 to day 7 for both swab and gauze methods. Analysis of vascular segments that were not exposed directly to CaCl 2 (such as the suprarenal aorta) did not reveal any Alizarin red-positive staining (not shown) and contained minimal amounts of calcium (0.88Ϯ0.38 mg Ca/g dry), indicating a localized pathological process.
Comparative measurements of aortic diameter before and after surgery (1.50Ϯ0.07 and 1.40Ϯ0.08 mm, respectively) revealed that application of 0.15 mol/L CaCl 2 did not induce aneurysm formation within 1 week after surgery (Student's t test, PϾ0.3, nϭ8 per group). The original conditions (0.2 to 0.5 mol/L CaCl 2 ) used in this model by others in the past induced arterial calcification very rapidly, and aneurysms formed as a result of heavy inflammatory reactions to the calcific deposits. Therefore, for mechanistic studies described later, we selected to use 0.15 mol/L CaCl 2 applied by the gauze method, followed by end-point analysis after 7 days.
Elastin Calcification and Degradation
A salient feature of this model was that the onset of aortic calcification was mainly associated with elastin fibers. complete encasing of the aorta thickness in calcium deposits ( Figure 2G) .
A second main trait of calcification in CaCl 2 -treated aortas was localized disorganization of the aortic extracellular matrix and elastin degradation. Calcified areas were characterized by flattened elastin fibers as demonstrated by VVG stain ( Figure 3B ) and disorganization of the collagen network ( Figure 3E ). NaCl-treated aortas exhibited normal histological patterns (Figure 3, A and D) , which were indistinguishable from those of control aortas obtained from age-matched rats not subjected to any surgical procedure (not shown). Elastin degradation in calcified aortas was confirmed by quantitative desmosine analysis ( Figure 3G) , which clearly showed a significant reduction of desmosine content in CaCl 2 -treated aortas compared with NaCltreated aortas. Desmosine content showed a strong, negative correlation to calcium content in injured aortas (correlation coefficient of Ϫ0.81).
Cellular Modifications
Although we could not detect direct cell-associated calcification that may have resulted from the CaCl 2 injury, some signs of cellular modification were observed. Immunohistochemical analysis by ␣-smooth muscle cell actin stain did not reveal significant differences between NaCl and CaCl 2 treatments (not shown). Moderate levels of apoptosis were identified in CaCl 2 -injured aortas ( Figure 4B ) compared with NaCl-treated aortas ( Figure 4A ), indicating that CaCl 2 injury may have induced the apoptotic cascade in aortic cells. Macrophage cell infiltration in the media or intima was not noted in any of the samples analyzed (Figure 1, E and F) , indicating that at this early stage, inflammation may not play a major role in aortic calcification.
Endothelial Permeability
Periadventitial CaCl 2 injury induced a marked increase in endothelial permeability, as shown by Evans blue experiments ( Figure 5 , C and G). Evans blue-albumin complexes (red fluorescence) were associated very strongly with the internal (red) and external (red-orange) elastic laminas and, to a lesser extent, with the medial elastic fibers (yellow). Elastic fibers autofluoresce green under UV illumination and a fluorescein isothiocyanate (FITC) filter. NaCl-treated aortas and control, age-matched rats that were not subjected to any surgical intervention when injected to Evans blue exhibited characteristic green elastin autofluorescence and minor orange staining of the internal elastic lamina, possibly reflecting normal albumin transport through the vascular endothelium ( Figure 5, A, B, E, and F) . 
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Inhibition of Calcification
AlCl 3 pretreatment of abdominal aortas before CaCl 2 injury reduced calcium levels by Ͼ80% ( Figure 3G ) compared with CaCl 2 treatment alone. Calcium levels in the AlCl 3 group were not statistically different from NaCl or control groups. Furthermore, AlCl 3 pretreatment abolished formation of Alizarin red-stainable calcium deposits ( Figure 3F) and largely inhibited elastin degeneration, as revealed by statistically higher desmosine content ( Figure 3G ) and unaltered fiber morphology ( Figure 3C 
Elastin Calcification in Knockout Mice
To seek further confirmation for the association of MMPmediated extracellular matrix degradation with elastin calcification, paraffin sections of murine aortic samples from a previous knockout study were stained for calcification. That study has shown recently that 0.25 mol/L CaCl 2 injury to abdominal aortas of MMP2-or to MMP9-knockout mice does not result in aneurysm formation. 15 Alizarin red staining of aortas obtained 10 weeks after CaCl 2 treatment revealed that CaCl 2 -treated aortas from both MMP2-and MMP9-knockout mice did not develop calcification ( Figure 6 , B and E), whereas CaCl 2 treatment induced severe calcification in the abdominal aortas of wild-type mice ( Figure 6H ). Similar to rat experiments, calcification of aortas in wild-type mice was mainly associated with elastin and not with cells ( Figure  6I ). Control NaCl-treated aortas did not exhibit calcification in any of the experimental groups ( Figure 6 , A, D, and G). In addition, VVG staining on CaCl 2 -treated aortas from both strains of knockout mice did not exhibit the characteristic elastin fiber flattening or disorganization ( Figure 6 , C and F).
Discussion
Medial elastin calcification is a widespread feature of vascular pathology associated with ageing, diabetes, and renal failure and may occur as a result of either proliferative or destructive remodeling. Circumstantial evidence exists for a correlation between elastin degradation and calcification in various pathological situations. 18 Although valuable information is available from analysis of human specimens, 19 this provides only a snapshot in time and may not always provide insight into pathogenic mechanisms. Knowledge about the mechanisms of elastin calcification is scarce, mainly owing to the lack of an adequate animal model that closely mimics human pathology. In the current studies, we have shown that perivascular administration of CaCl 2 to abdominal aortas induced degradation and calcification of elastic fibers. Our hypothesis stipulated that MMP-mediated degradation of elastin contributed to calcium deposition onto elastic fibers. In support of our hypothesis, we have shown that MMP-knockout mice were resistant to CaCl 2 -mediated aortic injury and did not develop elastin degeneration and calcification. Furthermore, treatment of aortas with aluminum ions (known to stabilize elastin against the action of MMPs), before CaCl 2 injury, significantly reduced elastin degeneration and mitigated elastin-oriented vascular calcification.
In most articles thus far of this injury model, authors have used high (0.2 to 0.5 mol/L) CaCl 2 concentrations to induce aneurysm formation that led to extensive aortic calcification within days. Aneurysm formation was mainly the result of an intense inflammatory reaction to the calcified deposits. 11, 12, 14, 15 Structurally, most calcium deposits appeared as large, compact masses spanning the entire thickness of the aorta, and rarely could individual elastin fibers be observed. To temper the rate of calcification in this model, we compared several CaCl 2 concentrations, as well as techniques of periarterial application, and selected to use a 15-minute gauze application of 0.15 mmol/L CaCl 2 . Analysis 7 days after surgery allowed us to demonstrate fine details of individual elastic fiber calcification and distinctive morphological aspects of elastin degeneration.
Initial phases of calcification appeared to be related to the formation of small calcium deposits closely associated with elastic fibers, which followed the natural wavy aspect of the aortic lamellae. At later stages, calcium deposits appeared to grow between fibers and connect adjacent structures, which eventually led to flattening of the elastic lamellae. Disorga- nization of the collagen network and diminution of desmosine content accompanied loss of the natural waviness of the elastic lamellae and paralleled the increase in calcium content of injured aortas. Extensively calcified areas exhibited typical aspects of massive mineral deposits, which apparently acquired the tubular shape of the blood vessel. These morphological and biochemical aspects are reminiscent of human pathology such as Marfan's syndrome 20, 21 and Monckeberg's medial sclerosis 22, 23 and possibly reflect an enzyme-mediated degenerative process. Elastin has been long recognized as a nucleation site for the calcification process, 1 and MMP upregulation has been identified in several vascular degenerative processes, 24 but no direct correlation between MMPs and elastin calcification has been established before this study.
Direct involvement of cells in elastin calcification was not evident from our studies. No cell-specific calcification was noted in early phases by Alizarin red staining, and inflammatory cell infiltration in the media was not noted in any of the rat aortic samples analyzed. A moderate number of apoptotic cells were detected in CaCl 2 -injured rat aortas and none in the NaCl controls, indicating that apoptosis may be associated with tissue injury and degeneration. The involvement of cells in elastin calcification warrants further investigation. Very little is known about the actual mechanisms involved in this vascular injury model. Of interest is the marked increase in endothelial permeability toward Evans blue, albeit 7 days after CaCl 2 injury, suggesting that the putatively injured endothelium did not recuperate its selective permeability during this time interval. Evans blue is known to accurately detect increases in vascular permeability in a variety of vascular segments. 25 This increase in permeability may be responsible for the influx of ions (calcium, phosphate), proteins, and other components into the vessel wall.
In an attempt to further understand the mechanisms that underlie elastin-associated calcification, we treated aortas in vivo with aluminum ions before the CaCl 2 injury. Aluminum ions have been shown by us to bind strongly and irreversibly to elastin, stabilize it against the action of MMPs, and protect it from degeneration and calcification, 7 but we have never attempted to harness this property in a circulatory model of elastin calcification. For the present studies, we chose a very low aluminum concentration (0.0025 mol/L) that is not cytotoxic 26 but is sufficient to induce conformational changes in elastin structure that account for inhibition of elastin calcification. 16 Periadventitial pretreatment of abdominal aortas with aluminum ions protected the aortic tissue from CaCl 2 injury by abolishing elastin degeneration and calcification, preserving endothelial permeability, and reducing apoptosis of vascular cells. The mechanisms of this protective effect are not known, but we speculate that aluminum ions bound to elastin in vivo, and in doing so, prevented it from degradation by MMPs and thus, blocked the cascading sequence of events that may lead to elastin degeneration. Aluminum ion binding to elastin may have also inhibited calcium binding by a direct effect. The effect of aluminum on vascular cell activities also warrants further investigation.
Very conclusive evidence to support our data came from analysis of samples obtained from aortas of MMP-knockout mice, which underwent similar CaCl 2 injury. The MMP2-knockout mouse expresses only active species of MMP9, whereas the MMP9-knockout mouse expresses active species of MMP2. Both knockout mouse strains were shown to be resistant to CaCl 2 periaortic injury, and even 10 weeks after surgery, they did not exhibit signs of aneurysm formation, whereas the wild strain controls developed extensive aneurysms. 15 Alizarin red staining revealed a complete lack of calcification in aortas from both MMP2-knockout mice and from MMP9-knockout mice, whereas CaCl 2 treatment induced severe calcification in the abdominal aortas of wildtype mice (which express both MMP2 and MMP9 active species). Furthermore, additional histological stains such as VVG, Masson's, and H&E did not reveal any of the features typical of extracellular matrix disorganization. These results strongly point to a correlation between MMP-mediated matrix degradation, elastin calcification, and aneurysm formation.
It is known that both MMP2 and MMP9 can digest elastin and that MMP2 can activate latent MMP9, but not vice versa. 27 We speculate that in this model, most of the damage is possibly caused by MMP9 (obviated in the MMP9-knockout), whereas in the MMP2-knockout, the absence of MMP2 would block the activation of MMP9. Moreover, it is apparent that both MMPs play some role in elastin calcification and are required to work in concert for initiation and progression of elastin calcification and degeneration in this aortic injury model.
We are currently exploring therapeutic approaches for limitations of elastin-associated pathology by investigations into the cellular and molecular mechanisms of vascular cell response to injury and their interactions with extracellular matrix components.
Conclusions
Perivascular administration of low concentrations of CaCl 2 induces moderate levels of elastin degradation and calcification within 7 days after surgery, in the absence of aneurysm formation and inflammatory reactions. Calcium deposits are associated mainly with elastic fibers and are accompanied by elastin degradation, disorganization of the aortic extracellular matrix, and moderate levels of vascular cell apoptosis. The presence of both MMP2 and MMP9 is required for elastin degeneration and calcification in the aortic injury model. Vascular remodeling may contribute significantly to calcium deposition onto elastic fibers.
